This paper develops a methodology for identifying high-priority species conservation areas in Bangladesh's Sundarbans region, an UNESCO World Heritage site, considering both species vulnerability and the likelihood of inundation by future sea-level rise (SLR). Our species vulnerability analysis develops a composite spatial vulnerability indicator based on total species counts, endangered species counts, endemicity, and four measures of extinction risk from the high-resolution range maps and conservation status assessments for 378 terrestrial vertebrate species provided by IUCN Bangladesh, IUCN International and BirdLife International.
Introduction
The Sundarbans is the largest continuous mangrove forest in the world, the majority of which (6,017 square kilometers) lies within the boundaries of Bangladesh. The rest is in West Bengal, India. The Bangladesh part comprises 4,143 km 2 of land area and 1,874 km 2 of water area. The region is known for its exceptional biodiversity, which includes 528 species of vascular plants (Rahman et al., 2015) , 38 mammals, 297 birds, 34 reptiles, 9 amphibians, and numerous species of insects, fish, crustaceans, invertebrates and molluscs, along with diverse phytoplankton, fungi, bacteria and zooplankton (IUCN 2015) . The Bangladesh Sundarbans was declared a UNESCO World Heritage site in 1997. The area is also internationally recognized under the Ramsar Convention.
Although the Sundarbans' ecological importance and uniqueness are recognized by Bangladesh and the international community, and its conservation is an obligation under international conventions and treaties, the region is currently threatened by several natural factors and human actions. The area is still in active formation as its rivers change their course. Eastward meandering of the Ganges and Brahmaputra Rivers over time is affecting sedimentation and reducing freshwater inflows significantly. In addition, water supplies, sedimentation, and the region's topography and hydrology have all been affected by human actions such as construction of upstream dams, embankments to protect land from tides, over-exploitation of mangrove timber, urban and industrial pollution, and mangrove clearing for agriculture and aquaculture. Local human-induced losses will probably continue, and climate change is likely to aggravate the current problems.
Climate change poses several threats to the Sundarbans, including sea-level rise, increased air and water temperature, change in the frequency and intensity of precipitation and storms, and salinization of water and soil (Alongi, 2008; . Among these threats, impacts of saltwater intrusion from the sea on surface water, soil, vegetation species and freshwater fish habitats have been researched extensively in recent years Dasgupta et al., 2015; SRDI, 2010; UK DEFR, 2007; IWM, 2003; Peterson & Shireen, 2001; SRDI, 2000; Karim et al., 1990) . This paper considers the inundation impacts of sea-level rise (SLR) on the habitats of various terrestrial and amphibian vertebrate species of the Bangladesh Sundarbans. According to the latest accounting by the International Union for Conservation of Nature (IUCN), conducted in 2015, 19 birds, 11 mammals and 1 reptile in the Bangladesh Sundarbans are already regionally extinct. With a virtual certainty that SLR will continue beyond 2100 even if greenhouse gas emissions are stabilized today, further habitat loss for terrestrial and amphibian vertebrate species is imminent (Loucks et al., 2010) .
Even though it is widely recognized that SLR in a changing climate poses an imminent threat to this unique landscape and its resident species; scarcity of geocoded data on terrain elevation and lack of comprehensive accounting of the species have prevented a thorough vulnerability analysis of Sundarbans to-date. As a result, concerns related to SLR have not yet been incorporated into the regional management protocols for the Sundarbans. Recent developments in species range mapping and spatial assessment of potential sea-level rise offer new opportunities for informing species conservation programs in the Sundarbans region. In this paper, we draw on recently-available range information for vertebrates to develop a high-resolution species vulnerability indicator that incorporates seven sub-indicators based on species counts, endangered species counts, endemicity, and four measures of extinction risk. We combine the composite vulnerability indicator with alternative sea-level rise scenarios to identify areas that feature both high biodiversity value and robust survival prospects as climate change continues. Conservation resources will remain scarce, and priority-setting for biodiversity protection in the Sundarbans should incorporate both the expected impacts of climate change and the spatial distributions of key species. The research reported in this paper represents a step in that direction.
The paper most immediately related to our analysis is Loucks et al. (2010) . It is limited to the projected impacts of SLR on Sundarbans tigers, while our paper extends the analysis to 377 additional terrestrial and amphibian vertebrate species. Our paper is of special relevance for the Government of Bangladesh for incorporating SLR-related concerns into the regional management protocols for the Sundarbans.
Method

Data
Our research draws on the most recent ecological and topographical information:  Identified amphibians, birds, mammals and reptiles: The most recent IUCN data identify 378 vertebrate species in the Sundarbans, including 9 amphibians (2% of the total), 297 birds (79%), 38 mammals (10%) and 34 reptiles (9%). Summarizing by IUCN Red List threat category, 3 species are Critically Endangered (2 birds, 1 reptile); 7 are Endangered (3 birds, 3 mammals (including the Bengal Tiger), 1 reptile); 13 are Vulnerable (7 birds, 2 mammals, 4 reptiles); 13 are Near Threatened (12 birds, 1 mammal) and 342 are of Least Concern. Overall, 36 species (10 percent of the total) are in one of the four threatened categories.  Range maps: Range mapping in the Sundarbans is difficult, and the most recent (2015) update from IUCN Bangladesh includes maps for 52 species: 3 amphibians, 21 birds, 15 mammals and 13 reptiles. We have completed the full suite of range maps for 378 species by adding shapefiles from IUCN International for 50 species: 6 amphibians, 23 mammals and 21 reptiles; and from BirdLife International for 276 birds.  Measures of extinction risk for Sundarbans vertebrates are computed using information from Mooers et al. (2008) and Isaac et al. (2007) . Mooers et al. (2008) convert IUCN Red List status codes (Critically Endangered, Endangered, Vulnerable, Near Threatened and Least Concern) to extinction probabilities, while Isaac et al. (2007) combine a direct extinction risk measure with a measure of each species' isolation on a phylogenetic tree.  Elevation data: The land elevation used for this analysis is based on the most recent digital elevation model (DEM) for the coastal zone of Bangladesh, developed in 1998. Its spatial resolution is 50 m.  SLR projections: Regional estimates of sea-level rise are scarce. After further work on ice sheet instability in the Antarctic and Greenland, the most recent scientific literature suggests that global SLR could reach one meter or more during this century (Gillet-Chaulet et al., 2012; Hansen et al., 2015; Hay et al., 2015; DeConto & Pollard, 2016; Hansen & Sato, 2011; Vermeer & Rahmstorf, 2009; Pfeffer et al., 2008; Hansen, 2006 Hansen, , 2007 Bangladesh coastal region. After consultation with Bangladesh experts, we have adopted an estimate of 120 cm SLR by 2100.
The Sundarbans is in the Ganges Delta, which is still in an active, dynamic state. Therefore, it is critical to incorporate vertical land movement (subsidence or accretion) in assessments of SLR's location-specific impacts. Experts agree that vertical land movement in the lower Delta reflects alluvial deposition (sediment loading) or aggradation, tectonic subsidence and isostatic adjustments, compaction of Holocene sediments, compaction of peat layers, surface water drainage and management. However, controversy continues about the net impacts of these factors, with consequent variation in current estimates and projections of land subsidence/accretion (Pethick, 2012; ADB, 2011; Akhter et al., 2012; Syvitski et al., 2009; Nicholls & Goodbred, 2004; Brammer, 1996; Emery & Aubrey, 1991) . To reflect these variations, our projections for 2100 include two estimates for land subsidence (8 cm, 35 cm) and two for sediment deposition (0 cm, 40 cm).
GIS Analysis
We combine the range map information for amphibians, birds, mammals and reptiles with alternative SLR scenarios to identify areas that feature both high biodiversity value and robust survival prospects as climate change continues. We perform the computation in three steps: i) Spatial accounting for species diversity and vulnerability: We overlay a grid with cell size .0025 decimal degrees (approximately 250 meters) on the Sundarbans region and count all species by class and IUCN threat category within each cell. We develop a variety of biodiversity indicators to identify concentrations of diverse species and their vulnerability to encroachment and habitat loss.
ii) A composite vulnerability indictor: We develop the indicator for vertebrate species from the sub-indicators developed in Step 1.
iii) Projected inundation: We overlay the inundation zones projected for alternative scenarios of SLR, subsidence and sediment deposition to estimate the composite vertebrate species risk.
Spatial Accounting for Species Diversity and Vulnerability
Species Count
Our first indicator is the total species count for each cell. This provides a proxy for overall biodiversity at potential risk.
Species Vulnerability
The total species count provides useful information on the spatial distribution of species for assessing ecological risks, but three other elements are needed for risk assessment: 1) Geographic vulnerability, which can be proxied by endemicity: the proportion of each species' range that lies within each cell. Species that reside in very few cells may be particularly vulnerable to habitat encroachment. Endemicity treats all species equally at the regional level, since each species has a total count of 1. Total endemicity for each cell-the sum of its species endemicity measures-assigns higher values to cells inhabited by species whose ranges are relatively limited.
2) Presence of endangered and critically endangered species. Risk assessment is particularly critical for species listed as endangered by IUCN. Our indicator is the count of endangered and critically endangered species in each cell.
3) Extinction risk. We convert Red List status codes to extinction probabilities using the methodology of Mooers et al. (2008) . For species indicator construction, we normalize these probabilities so that a weight of 1.0 is assigned to species in the highest category (Critically Endangered). Table 1 tabulates conversions from Red List codes to normalized species weights, using four probability assignments. Three columns employ IUCN estimates to derive measures of extinction probability over the next 50, 100 and 500 years. The fourth draws on Isaac et al. (2007) to combine a direct extinction risk measure with a measure of each species' isolation on a phylogenetic tree.
www.ccsenet.org/jms Journal of Management and Sustainability Vol. 8, No. 1; 2018 Table 1 shows that Isaac's inclusion of the phylogenetic isolation factor changes the weight ratios substantially, particularly for species in the lowest threat category (Least Concern). We explore the implications for hypothetical areas A and B in Table 2 . A is populated by only 2 species, both rated as Critically Endangered. B is populated by 20,000 species, but all are rated as of Least Concern. Our extinction risk indicator for each area is the sum of normalized extinction probabilities for resident species. Assignment of weights for Mooers' IUCN-derived 50-year extinction probabilities yields a total risk indicator of 2 for A-twice the total for B, because each Critically Endangered species is weight-equivalent to 20,000 Least Concern species. In contrast, assignment of the Isaac weights yields an overall risk rating for B (1,250) that is 625 times greater than the rating for A (2), because each Critically Endangered Species is weight-equivalent to 16 species of Least Concern. The other two cases are intermediate, but far closer to the 50-year IUCN case. To incorporate the diversity of approaches to measuring species' vulnerability, we develop seven spatial indicators: total species count; the count for Critically Endangered and Endangered species; endemicity; and four measures of species extinction risk (Isaac and IUCN (50, 100, 500)).
Computation of a Composite Vulnerability Indicator
In principle, we could construct a composite indicator from a linear weighted combination of the seven indicators. Given the potentially-large differences illustrated by Table 2 , however, it is important to know whether different weighting schemes could produce significantly different results. With such notable differences in correlations, it is difficult to defend the use of any particular linear weighted combination of sub-indicators because we have no a priori basis for selecting a weighting scheme. On the other hand, priority-setting is greatly facilitated by the use of a composite indicator. To accommodate diverse concerns, we adopt a conservative strategy for indicator construction. We compute ranks for all seven indicators and normalize to the range 0-100. Then, for each 250 m cell, we select the maximum indicator value as our vulnerability measure. This ensures that the composite indicator will identify areas that have high vulnerability scores for any sub-indicator.
Projected Inundation
We consider the potential impact of 120 cm SLR by 2100, modified by two estimates of potential land subsidence (8 cm, 35 cm) and two projections of sediment deposition (0 cm, 40 cm). To identify potential ecological impacts, we overlay the corresponding maps on our map of the vertebrate species composite vulnerability indicator.
Results
Species Accounting for the Sundarbans Region
Figure 1 displays three of our spatial indicators for vertebrate species in the Bangladesh Sundarbans: total species count, endangered species count, and endemicity. To facilitate comparisons, we normalize all results to percentiles (maximum value 100%) and color as follows: red (80-100%); dark orange (60-80%); orange (40-60%); light orange (20-40%); pale yellow (0-20%). The core Sundarbans region lies within the grey outline on each map. The three indicators all reflect important components of diversity but, as Figure 1 shows, their overall spatial distributions are far from identical. One common element is clear and highly significant for this exercise: The core Sundarbans region dominates the 80-100% percentile measures in each case. Elsewhere, however, the distributions are strikingly different. To illustrate: Outside the core Sundarbans, the higher percentiles (red and dark orange) are concentrated in the eastern area for total species count; divided into roughly-equivalent western and eastern concentrations for endangered species count; and divided into concentrations in the far west, far east and nearer the center for species endemicity. Figure 2 . Second, as a natural consequence of our conservative selection criterion, typical cell values are higher in Figure 2 . The highest-value (red, dark orange) areas in Figure 1 can be interpreted as having at least one high-percentile indicator value, while the lowest (pale yellow, light orange) areas can be interpreted as having low indicator values in all cases.
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To summa boundary northwest southeast a of priority while othe Vol. 8, No. 1; 2018 Figure 3 provides sequential projections of inundation (in blue), from the lowest-impact case (subsidence 8 cm, deposition 40 cm) to the highest (subsidence 35 cm, deposition 0 cm). Figure 3a indicates that the lowest-impact case will only threaten a few high-vulnerability areas. Projected inundation zones are largely in the northwest and north, with some coverage of red and dark orange areas. Such areas (along with a few smaller areas in the east) are least likely to remain above water in this century, since inundation is projected to occur even under the most optimistic assumptions about subsidence and deposition. Figure 3b retains a deposition of 40 cm but increases projected subsidence to 35 cm. Projected inundation areas expand substantially in the northwest and north, and many high-vulnerability areas in the east are also inundated in this scenario. The impact is compounded in the next-worst scenario, Figure 3c , with notable expansion of inundation in high-vulnerability eastern areas. Finally, Figure 3d projects the worst case: land subsidence of 35 cm, coupled with alluvial soil deposition of 0 cm. In this scenario, most of the region outside the core Sundarbans is effectively inundated, except for some high-vulnerability areas in the northwest and northeast. This scenario also inundates significant parts of the Sundarbans core region, although much of that area remains above water.
Accoun
Discussion
This study develops an ecological risk assessment for the Bangladesh Sundarbans based on two major components: vulnerability indicators for 378 resident vertebrate species, and potential inundation from sea-level rise, mitigated or aggravated by land subsidence and alluvial soil deposition. The results provide useful insights for the designation of conservation priority areas.
To start with, our approach incorporates three critical determinants of species vulnerability: representation, endemicity and extinction risk. We also construct indices that reflect different assumptions about time scale and phylogenetic representation. However, comparative mapping and correlation analysis show that no single indicator can serve as an adequate proxy for the set, so we build a composite indicator in three steps: (1) for each grid cell, we calculate indicator values for species count, endangered species count, endemicity and four extinction risk measures; (2) we rank the values for each indicator and normalize to percentiles in the range 0-100; (3) we select the maximum percentile value for each grid cell. This exercise provides conservative guidance by ensuring that each grid cell is evaluated at its maximum value for the seven vulnerability indicators.
In Figure 2 , without inundation, the highest-quintile (red) values of the composite indicator identify the areas that have highest priority for conservation management because they have the highest composite species vulnerability. However, addition of the SLR scenarios in Figure 3 changes the priority-setting calculus by identifying areas that have both high species vulnerability and a high likelihood of escaping inundation as SLR continues. We project SLR by 2100 at 120 cm, near the upper bound of the current consensus, and develop four digital maps of the Sundarbans region that incorporate alternative assumptions about interim subsidence (8 cm, 35 cm) and deposition of alluvial soil (0 cm, 40 cm). We overlay these maps with our composite species vulnerability map to produce SLR-risk-adjusted maps for priority assessment. Resulting highest-priority areas are identified by Figure 3d as red and dark orange zones that remain above water in 2100, even with worst-case assumptions about subsidence and deposition. Figure 3c permits the identification of priority areas in the next echelon, which will be inundated in the worst-case scenario (Figure 3d ) but not in the next-worst scenario [subsidence 8 cm, deposition 0 cm]. Similarly, Figure 3b and Figure 3a can be used to identify the third and fourth priority echelons.
Thus, our methodology assigns conservation priorities to grid cells using expected conservation benefits: differential species vulnerability adjusted for the likelihood of inundation by continuing sea-level rise. Our analysis indicates that the highest-priority conservation status should be assigned to a large area in the Sundarbans core region that has both high species vulnerability and the lowest likelihood of inundation in this century. We also identify a number of smaller priority areas in the first, second, third and fourth echelons. Of course, it would be highly desirable to promote effective conservation in all of these areas. However, resource scarcity may require focusing protection on the highest-priority areas. In that case, we hope that our methodology will contribute to cost-effective conservation management in the Sundarbans region.
We acknowledge two limitations of our analysis. First, we do not incorporate existing spatial variations in habitat fragmentation because the requisite data are not available. Undoubtedly, many Sundarbans species are exposed to significant risks from the ongoing division of large, contiguous forest tracts into smaller areas, as well as edge effects. We also do not incorporate potential future fragmentation from sea-level rise. Figure 3d illustrates an extreme case, which may push some resident species toward extinction. Second, the accuracy of our SLR estimates is determined by the precision of our digital elevation data. We use the best available information: the national DEM constructed from the FINNMAP survey data. However, the survey was conducted in 1998 and some areas of the Bengal delta may have been altered by subsequent subsidence and/or soil deposition. As Loucks et al. (2010) note, every centimeter counts in the low-lying Sundarbans and an accurate, frequently-updated DEM for the coastal region is essential for conservation planning.
Despite these limitations, we believe that our assessment of species vulnerability and potential inundation yields a relatively clear conclusion about the highest-priority areas for conservation management: the extensive parts of the Sundarbans core region that have both top-quintile species vulnerability by all of our measures (see Figures  1-2 ) and a very high likelihood of remaining above water, even under very pessimistic assumptions about sea-level rise, subsidence and deposition. We should also note that projected habitat losses for terrestrial species have a theoretical counterpoint in potential habitat gains for some aquatic species. However, attempting to quantify their potential significance is beyond the scope of this study.
